The different cleavage patterns of pYBamy59 plasmid isolated from E. coli DH5α and B. longum MG1 by the cell extract of B. longum MG1 suggested that the main reason for its low transformation efficiency was related to the restriction modification (R-M) system. To confirm the correlation between the R-M system and transformation efficiency, in vitro methylation and site-directed mutagenesis were performed in pYBamy59. Sequence analysis of pYBamy59 fragments digested by the cell extract of B. longum MG1 revealed that all fragments were generated by restriction of the sequence recognized by SacII endonuclease. When pYBamy59 from E. coli was methylated in vitro by CpG or GpC methyltransferase, it was protected from SacII digestion. Site-directed mutagenesis, which removed SacII sites from pYBamy59, or in vitro methylation of pYBamy59 showed 8-to 15-fold increases in the transformation efficiency over intact pYBamy59. Modification of the SacII-related R-M system in B. longum MG1 and in vitro methylation in pYBamy 59 can improve the transformation efficiency in this strain. The results showed that the R-M system is a factor to limit introduction of exogenous DNA, and in vitro modification is a convenient method to overcome the barrier of the R-M system for transformation.
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Bifidobacterium is a Gram-positive strict anaerobe, which has been reported to exert various beneficial effects for the human hosts [7, 11, 12] . Recently, the determination of the full genome sequences of several Bifidobacterium sp. gave an insight into the relationship between human health and the probiotic ability of Bifidobacterium at the whole genome level [2, 13, 24, 25] . Accordingly, there have been several reports on the development of vector systems for Bifidobacterium to improve the beneficial traits of this bacterium through genetic engineering. However, in these approaches, low transformation efficiency has been the main obstacle. Until now, many attempts and studies have been performed to improve the transformation efficiency in Bifidobacterium. However, inconsistent results have been reported depending on the experimental species and conditions [1, 15-18, 20, 23] .
The restriction modification (R-M) system is widespread in bacteria, to discriminate between endogenous and exogenous DNA and to protect its own DNA from invading foreign genetic material such as virus DNA or RNA. The intractability of introducing foreign DNA into bacteria was influenced not only by experimental physical conditions but also by R-M systems [4, 6, 14, 27] . In our preliminary transformation experiment using B. longum MG1 as a host, we observed that plasmids with the same primary DNA sequences showed different restriction patterns according to the origin of plasmid DNA; that is, plasmid from B. longum MG1 was not digested, but that from E. coli DH5α was digested by the cell extract of B. longum MG1. We hypothesized that one of the reasons for the low transformation efficiency in B. longum MG1 was due to its R-M system. Consequently, methylation or sitespecific removal of restriction sites was warranted to avoid the R-M system. In this study, pYBamy59 [22] , a shuttle vector between E. coli and B. longum MG1 expressing the amylase gene from B. adolescentis INT-57, was used as a model plasmid to elucidate the novel restriction enzyme in this strain. Then, we applied site-directed mutagenesis or in vitro methylation to remove or modify novel restriction enzyme sites of pYBamy59 and to compare the transformation efficiency between modified and original plasmids. 
MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Culture Conditions E. coli DH5α was propagated in Luria-Bertani medium (BD, MD, U.S.A.), and 50 µg/ml of ampicillin (Sigma, St. Louis, MO, U.S.A.) was supplemented, if necessary. B. longum MG1 [21] harboring pMG1 was grown anaerobically in MRS medium (BD, MD, U.S.A.) containing 0.05% L-cysteine·HCl (Sigma, St. Louis, MO, U.S.A.). B. longum MG1 harboring pYBamy59 was cultivated in MRS medium containing 3.6 µg/ml chloramphenicol (BioBasic, Canada) for cell propagation. Characteristics of each bacterial strain and plasmid are described in Table 1 .
Digestion of pYBamy59 from E. coli DH5α and B. longum MG1 Using Cell Extract of B. longum MG1 E. coli DH5α and B. longum MG1 harboring pYBamy59 were propagated as described above, and pYBamy59 (E) and pYBamy59 (B) were prepared using an Axyprep Midi Kit (Axygen Biosciences, CA, U.S.A.) and plasmid mini prep kit (QIAGEN Korea Ltd., Korea). Plasmid DNA was concentrated by using a PCR purification kit (QIAGEN Korea Ltd., Korea), plasmid mini prep kit, or Amicon (Millipore, MA, U.S.A.), if necessary. Cell extract of B. longum MG1 was prepared as follows. The cultured B. longum MG1 cells (8 ml) were harvested, washed once with PBS buffer (pH 7.3), and resuspended with the same buffer, and then sonicated in ice-cold water for 30 min. After centrifuging at 1,200 ×g for 20 min at 4 o C, the supernatant was collected as cell extract. The fructose-6-phosphate phosphoketolase (F6PPK) test was carried out to confirm if the cell was properly disrupted. The 70-µl cell extract was mixed with 7 µg of prepared plasmid and incubated overnight at 37 o C. The reaction mixture was analyzed in 1% agarose gel.
Determination of Sequences of Terminal Ends of Digested Fragments
Each fragment of pYBamy59 (E) digested by the cell extract of B. longum MG1 was purified using a gel extraction kit (QIAGEN Korea Ltd., Korea) and concentrated with Amicon. The sequences of the terminal ends of the purified fragments were analyzed using the Applied Biosystems 3730 DNA Analyzer in the Genome Research Facility in Seoul National University, with synthesized primers (Table 1 , primers 1-6) and also sequenced using the blunt cloning method in Macrogen (Seoul, Korea).
Site-Directed Mutagenesis and In Vitro Methylation
To remove identified restriction enzyme sites in pYBamy59 (E), the mutagenesis experiment was carried out as described in the instruction manual of the QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene, CA, U.S.A.) with 3 kinds of primer pairs (SacII-1742, 3975, and 6176; Table 1 ). In SacII-6176, primer pairs were designed not to change amino acid residue in the flanking amylase gene. The mutated sites in pYBamy59 were confirmed by sequencing analysis and restriction patterns of SacII, XbaI-BamHI, and cell extract of B. longum MG1. Amylase activity in E. coli DH5α was tested in LB containing 1% starch.
CpG methyltransferase (M.SssI) and GpC methyltransferase (M.CviPI; NEB, MA, U.S.A.) were used to methylate pYBamy59 (E) according to the instruction manual with some modification. Briefly, 200 µl of methylation reaction mixture including 20-30 µg of plasmid DNA was prepared and 2 µl of 32 mM S-adenosylmethionine was added to the reaction mixture twice at every 3-4 h, and then incubated overnight at 37 o C. After methylation, the treated plasmid was purified with a gel extraction kit (Nucleogen, Korea) for further transformation experiment. DNA concentration was measured by 
Transformation Procedure
Transformation of E. coli DH5α was performed using the CaCl 
RESULTS
Digestion of pYBamy59 (E) with cell extract of B. longum MG1 produced 5 fragments (Fig. 1A, lane 3) , whereas pYBamy59 (B) was kept intact during digestion (Fig. 1B,  lane 4 ) although the two plasmids had the same primary sequences. The terminal sequence analysis of all of the bottom three fragments (Fig. 1A, lane 3, 1-3 ) corresponded to SacII recognition sites (5'-CCGCGG-3'). Thus, it was apparent that SacII recognition was one of the potential R-M systems in B. longum MG1. The restriction digestion patterns of pYBamy 59 (E) and pYBamy 59 (B) with SacII supported this presumption (Fig. 1C, lanes 3 and 4) . The additional two upper fragments (Fig. 1A, fragments 4 and 5) appearing in restriction fragments of pYBamy59 (E) by the cell extracts compared with SacII (Fig. 1A , lane 4, 2 fragments) patterns might be due to partial digestion under non-optimal condition or size similarity (2.2 kb) of 2 fragments when pYBamy59 (E) was restricted with SacII (Fig. 2) .
In order to test whether removal of SacII recognition sites from pYBamy59 (E) influenced the transformation efficiency, site-directed mutagenesis was performed. Through mutagenesis, all three SacII sites were mutated, as shown in Fig. 3 , and named as pYBamy59 (SacII -). The pYBamy59 (SacII -) was confirmed to be free of three SacII sites by sequence analysis (Fig. 3 ) using synthesized primers (Table 1 , primers 1, 3, and 5). After mutagenesis, pYBamy59 (SacII -) was not digested by either cell extracts of B. longum MG1 or SacII enzyme, as expected (Fig. 1A, lanes 7 and 8) . In addition to the removal of SacII sites, CpG and GpC methyltransferase were treated to pYBamy59 (E) to evaluate the effect of in vitro methylation on the R-M response and transformation efficiency. We treated CpG or GpC methyltransferase to pYBamy59 (E) and pYBamy59 (SacII -) because these methyltransferases were known to methylate not only SacII sites but also GC or CG sequences, which might be susceptible to an unknown R-M system in G+C rich B. longum MG1. After in vitro methylation, pYBamy59 (E) was confirmed to be protected from SacII digestion (Fig. 1D) . The result of the transformation experiment showed that in vitro methylation of pYBamy59 (E) or elimination of SacII sites from pYBamy59 (E) improved its transformability at least 8-to 15-folds over pYBamy59 (E) ( 
DISCUSSION
Recently, Yasui et al. [27] reported that the transformation efficiency of the plasmid was improved by modification enzymes [BAD_1233 (M.Sau3AI homolog) and BAD_1283 (M.Kpn2kI, homolog)] from B. adolescentis ATCC15703. O'Connell Motherway et al. [19] also showed that the R-M system was related to the transformation efficiency in B. breve UCC2003. In other bacteria, the transformation efficiency was differently affected by DNA modification depending on the type of methylation, such as DNA cytosine methylase (dcm), DNA adenine methylase (dam), and CpG methylase [3] [4] [5] [6] 14] .
Ever since restriction endonuclease (Bbel) was described in Bifidobacterium in the 1980s [10] , several strain-specific restriction endonucleases have been reported [8, 9, 26] and recent analysis of full genome sequences showed that diverse genes related with an R-M system exist in Bifidobacterium (REBASE Web site). In this study, the terminal sequence of 3 fragments derived from pYBamy59 (E) digested with cell extract of B. longum MG1 showed recognition sequence of SacII, whose isoschizomer has not been reported in Bifidobacterium. We could not find its isoschizomer in the REBASE either.
In this study, the transformation efficiency of B. longum MG1 was improved through the removal of SacII recognition sequences, suggesting that the SacII recognition site was susceptible to the host R-M system and acted as a limiting factor of foreign DNA introduction into B. longum MG1. The critical effect of SacII recognition was further supported by the lack of improvement in transformation efficiency by in vitro methylation of pYBamy59 (SacII -) compared with pYBamy59 (SacII -). The relatively low transformation efficiency of pYBamy59 even after mehylayion and SacII removal suggested that there might be other R-M systems not characterized in this study. Thus, further study using various other modification enzymes needs to be pursued.
Our study showed that the methodological approach such as in vitro methylation and removal of restriction sites improves transformation efficiency in Bifidobacterium. If these are applicable to diverse Bifidobacterium, then the basic genetic research in Bifidobacterium and development of Bifidobacterium strains with enhanced beneficial gene products would be facilitated. 
